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Abstract 
The increasing role of concentrated solar power (CSP) within the renewable energy portfolio is 
attributed to the possibility of integrating thermal energy storage (TES) systems. Then, CSP 
technology has become one of the most interesting clean options to deliver dispatchable power 
on demand. Nowadays, commercial facilities use high quality solar salts (60%:40% NaNO3 and 
KNO3 by weight) as storage medium due to the attractive properties of this fluid to be applied 
under CSP operation conditions. Taking into account that CSP installations are designed with 
really large TES systems containing tens of thousands of tons, the use of lower quality nitrates 
salts would reduce the molten salts inventory cost and finally the investment cost of the CSP 
storage systems at commercial scale. The most important drawback of selecting low quality 
nitrates salts for high temperature CSP applications is the corrosion impact produced by 
impurities. Accordingly, chlorides have been identified in the state of the art as the impurity 
with higher effect over corrosion. This work is focused on A516 Gr70 carbon steel corrosion 
performance evaluation under high-chlorides content nitrates salts (1.2% and 3% by weight) at 
400 ºC. In addition, the feasibility of using the proposed low purity mixtures with current CSP 
facilities materials selection is analyzed. Results reported within this study show the critical 
effect of chloride content over corrosion mechanism producing lack of adherence between base 
metal and oxides layers in addition to corrosion products delamination and internal cracking. 
Then, the use of A516 Gr70 carbon steel is rejected for a long term design under solar salts 
containing chlorides content in the range 1.2-3% by weight being necessary a higher corrosion 
resistant materials selection. An improved materials selection focused on higher corrosion 
resistance alloys is discussed. 
Keywords: Corrosion, carbon steel, A516 Gr70, solar salts, chlorides, thermal energy 
storage (TES) 
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1. Introduction 
Nowadays, low carbon economy policies are increasingly strict and demanding to change 
current trends in energy supply which are unsustainable from economic, environmental and 
social point of view. Accordingly, there is a worldwide pressing need for the development of 
advanced energy technologies in order to address the global challenges of clean energy, climate 
change and sustainable development [1,2]. Therefore, renewable energies become in crucial 
players within this new scenario being the concentrated solar power (CSP) one of the most 
interesting clean energy alternative [3,4]. The increasing role of CSP technology has been 
associated to the possibility of integrating large scale thermal energy storage (TES) systems to 
adapt electricity production to daily energy demand [5-8]. TES systems based on nitrate molten 
salts are currently available at commercial scale by using an inorganic mixture composed by 
60% NaNO3 and 40% KNO3 by weight, the so-called solar salts. Solar salts meet requirements 
such as high thermal stability, high energy density, and low vapor pressure, among others, to be 
considered as appropriate thermal energy storage medium for CSP facilities [9-13]. 
One of the most important drawbacks inherent to solar salts is the corrosiveness associated to 
this fluid at high temperature. The molten nitrate salts in combination with the metallic 
components (storage tanks, piping, heat exchangers, valves, among others) of solar power plants 
constitute a corrosive system with the molten salt acting as an electrolyte. Although metal alloys 
corrosion mechanisms are well known in numerous aqueous electrolytes, lack of knowledge has 
been detected regarding corrosion mechanisms of metals under solar salts operation conditions 
in CSP plants. The use of inappropriate materials selection could result in the deterioration of 
the alloy properties compromising its validity for the final application for which they were 
designed. Corrosion mechanisms in molten salts are highly influenced by the oxygen ions 
present in the corrosive environment.  Accordingly, pO2- defines the oxide ion activity being a 
direct function of the metal corrosion in the medium. E-pO2- diagrams are commonly used as an 
alternative to Pourbaix diagrams to analyze the performance of metals in contact with molten 
salts at high temperature [14]. Molten salts corrosion mechanism is driven by two main stages. 
Firstly, an alloy oxidation phenomenon is produced generating the corresponding oxides layers 
depending on the alloying elements of the metal and molten salts nature. Subsequently, molten 
salt produces a fluxing action over the protective oxide layers deteriorating it by dissolution. 
Therefore, the transference of oxidizing species through the metal and the metal ions into the 
molten salt is favored initiating accelerated attack [15].  
Regarding nitrate salts corrosion, the corrosive effect is inherent to the nitrate-nitrite equilibrium 
of these fluids at a given temperature. Once reduction reaction from nitrate to nitrite is 
produced, the anionic oxidation of the alloy is carried out in the corrosive medium via the 
following reactions (iron is taken as an example): 
2
3 2NO NO O
     (1)
2 2Fe O FeO e     (2)
2
3 43 2FeO O Fe O e
     (3)
The aggressiveness of nitrate baths could be enhanced by the formation of peroxide and 
superoxide ions in the medium by the following chemistry [16-18]: 
2 2
3 2 2O NO NO O
       (4)
2
2 3 2 22O NO NO O
       (5)
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Fig. 1. Molten salts TES energy cost breakdown for 50 MW PTC plant with different 
storage capacities (1, 3, 6, 9, 12 and 15 hours). Adapted from [10] 
Costs associated to current nitrate salts used in CSP TES systems are highly influenced by the 
final purity provided by the supplier. Then, the use of nitrate salts with higher impurity levels 
would reduce the cost of molten salts inventory and, therefore, the investment cost of the 
storage systems. The most important drawback of selecting low quality nitrates salts for high 
temperature CSP applications is the chloride content increasing (main impurity in industrial 
grades) which has been identified in the state of the art as the impurity with higher impact over 
corrosion.  Chlorides increase molten salts aggressiveness over carbons steels and low alloyed 
steels due to the formation of chlorine (Cl2) [20]. Once chlorine has been produced by de 
combination of chlorides ions, diffusion processes through oxides layer are produced. Chlorine 
reacts with the steel alloying elements to form metal chlorides at the steel/oxides layer interface 
(iron is taken as an example in chemical reactions (6) to (9)). Metal chlorides vapor pressure is 
relatively high at the interface and the evaporation of these species is produced (7). Then, metal 
chlorides diffuse back through the alloy oxides layers cracks and pores produced in the 
corrosion products of the steel. Finally, metal chlorides are oxidized to metal oxides as 
magnetite and hematite (8) and (9). Attending to chemical reactions (8) and (9), chlorine is 
again produced being this specie available to start the process described previously (chemical 
reactions (6) to (9)). 
2 2 ( )Fe Cl FeCl s                                                                                              (6) 
2 2( ) ( )FeCl s FeCl g                                                                                           (7) 
2 2 3 4 23 2 3FeCl O Fe O Cl                                                                                  (8) 
2 2 2 3 2
32 2
2
FeCl O Fe O Cl                                                                                 (9) 
Several authors reported interesting results about the influence of chloride content in the 
corrosion performance of carbon steel showing a dependency between corrosion rates and 
chlorides content [21-24]. However, these results are associated to short corrosion tests which 
would be insufficient for a detailed evaluation of corrosion mechanism or longer thermal-
corrosive treatments analyzing the effect of chloride content up to 1% by weight. Then, lack of 
knowledge has been detected about long term corrosion tests with nitrates salts containing 
chloride percentages higher than 1% by weight which would analyze the effect of low purity 
salts over metallic materials used in CSP facilities. Moreover, although the negative impact of 
chlorides over corrosion phenomena such as crevice corrosion and stress corrosion cracking 
(SCC) has been reported for different corrosive fluids [25-28], results associated to high 
chloride content nitrate salts have not been identified in the state of the art. 
This paper is focused on the feasibility of using high-chlorides content nitrates salts as storage 
medium in PTC CSP installations. Then, corrosion performance of A516 Gr70 carbon steel 
under nitrates salts mixtures with different chlorides content levels was evaluated at 400 ºC 
(maximum design temperature of the storage system in PTC facilities). Experimental tests 
performed in this study complete previous results reported by the authors over carbon steel 
corrosion performance exposed to solar salts containing typical impurity levels for CSP 
application in the TES-PS10 pilot plant [29]. Summarizing, laboratory tests within this study 
face the following purposes: (i) To identify the corrosion mechanism induced by nitrate salts 
with high chlorides content by a sensitivity analysis with 1.2% and 3% by weight, over A516 
Gr70 carbon steel; (ii) To quantify A516 Gr70 corrosion rates, analyze the performance of 
welded joints and evaluate SCC and crevice corrosion susceptibility; (iii) To compare results 
obtained in this study with carbon steel corrosion performance in the TES-PS10 pilot plant [29]; 
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3.5. Corrosion rates calculation 
Corrosion damage indicators such as weight gain (mg/cm2) and corrosion rates (µm/year) were 
calculated after thermal-corrosive testing to obtain quantitative data for the corrosion attack 
produced by both molten salts mixtures under study (Table 4). Therefore, two corrosion 
coupons were weighted before and after testing in the nitrates baths to identify the weight gain 
produced by the oxides layers generation. Weight gains associated to metallic coupons exposed 
to Solar_Salt_1.2%Cl and Solar_Salt_3%Cl samples were 11.4 mg/cm2 and 38.5 mg/cm2, 
respectively. These results corroborated the observation carried out in the transversal section 
micrographs (Fig. 9) regarding higher corrosion products amount produced over specimens 
tested in Solar_Salt_3%Cl sample. In addition to weight gain, descaled weight loss was 
analyzed over these two corrosion coupons after removing oxides layers. Then, corrosion rates 
as µm/year were calculated by Eq. 1 to obtain the corrosion allowances for 25 years service life 
time. The guide for corrosion weight loss used in the industry was adapted to A516 Gr70 
properties (Table 5) to evaluate if this carbon steel was adequate for long term exposition to 
molten salts mixtures under evaluation within this study [40]. Corrosion rates measured over 
metallic specimens demonstrated again the higher aggressiveness of the molten salts mixture 
with greater chloride content. While corrosion rate associated to Solar_salt_1.2%Cl sample was 
210 µm/year, the value obtained for Solar_salt_3%Cl sample was 535 µm/year. These results 
evidenced a really poor corrosion performance of A516 Gr70 carbon steel for both nitrate 
samples obtaining 5.25 mm and 13.38 mm corrosion allowances for Solar_salt_1.2%Cl and 
Solar_salt_3%Cl samples, respectively. These results represent a dramatic corrosion rate 
increasing regarding corrosion damage measured over metallic specimens exposed to TES-PS10 
pilot plant nitrates salts during 1680 hours (9.4x and 23.9x for Solar_salt_1.2%Cl and 
Solar_salt_3%Cl, respectively) [29]. Finally, following the guide for corrosion weight loss used 
in the industry, the use of A516 Gr70 carbon steel under high chloride content solar salts was 
not recommended for service longer than a month. 
 
Table 4. Corrosion damage quantitative indicators. Weight gain and corrosion rates 
Molten salt sample Chloride content (%) Weight gain (mg/cm2) Corrosion rate (µm/year)
Solar_salt_1.2%Cl 1.2 11.4  ± 0.2 210 ±7 
Solar_salt_3%Cl 3 38.5 ±11.4 535 ± 26 
 
Table 5. Guide for corrosion rates used in the industry adapted to A516 Gr70 [40] 
Corrosion rates range 
(µm/year) Recommendation 
> 1275 Completely destroyed within days 
127 - 1274 Not recommended for service longer than a month 
64 - 126 Not recommended for service  longer than 1 year 
14 - 63 Caution recommended, based on the specific application 
0.4 - 13 Recommended for long term service 
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< 0.3 Recommended for long term service; no corrosion, other than as a result 
of surface cleaning, was evidenced 
 
4. New materials selection analysis 
Attending to previous results, the use of current materials selection focused on A516 Gr70 
carbon steel is not feasible to withstand the corrosion aggressiveness increasing associated to 
the new nitrates salts mixtures under evaluation. However, the cost reduction potential of using 
non-refined nitrates salts grades would allow the specification of more expensive metallic alloys 
with better corrosion resistance performance. Then, the final materials selection should 
constitute an optimal compromise between technical and economic factors. The use of 
handbooks or databases is really useful to carry out a preliminary evaluation when the selection 
process is focused on a few properties. However, this task becomes harder when a lot of 
constrains such as service temperature, mechanical properties, long term stability, cost, among 
others, should be taken under consideration.  
Ashby approach has been chosen as the method to achieve a new materials selection to be used 
in TES system with high chlorides content nitrate salts. This methodology is extensively used in 
different fields when engineers and researchers expertise should be completed with a systematic 
approach to solve the materials selection of complex and not well known systems [41-44]. In 
the present work, CES Selector software has been used to perform the proposed materials 
selection analysis [45, 46]. The starting point of the study was to establish the technical 
requirements of the metal alloy candidates. Then, constrains to take into account were as follow: 
(i) yield strength, (ii) tensile strength, (iii) service temperature, (iv) cost, (v) corrosion 
resistance, (vi) easy manufacturing, and (vii) availability. 
High mechanical properties, tensile strength and yield strength, are required due to the design 
temperature of the TES system is in the range of 300-400 ºC cold and hot installation sides, 
respectively. On the one hand, metallic alloy has to work without plastification at the design 
conditions avoiding any permanent and non-reversible deformation. Moreover, high yield and 
tensile strength will also involve high maximum allowable stress (MAS) which is a critical 
parameter in the design of storage vessels and piping. Accordingly, high MAS would reduce the 
thickness of the vessels ferrules and finally the cost of the storage tanks. The minimum yield 
strength and tensile strength associated to A516 Gr70 carbon was fixed as mechanical 
constrains for the new materials selection. Attending to ASME section II standard, A516 Gr70 
tensile strength range is 485-620 MPa (485 MPa was selected as minimum tensile strength 
required) while minimum yield strength is 260 MPa [31]. In addition to previous mechanical 
requirements, a minimum value for the maximum service temperature of 300 ºC was required. 
Fig. 15 shows, on the x-axis, the tensile strength and on the y-axis the yield strength taking into 
account previous mechanical and service temperature restrictions. Metals were classified in the 
following groups: carbon steels, cast irons, alloyed steels, stainless steels, tool steels, Ni alloys, 
Co alloys, and others Alloys (Cu alloys, Al alloys, Ti alloys, refractory alloys, among others).  
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Once carbon steels were discarded, materials selection for this application is focused on low 
alloyed steels and stainless steels. Taking into account that average cost for carbon steel A516 
Gr70 is close to 0.5 €/kg, the presence of expensive Ni as alloying element should be limited in 
the low alloyed steels and stainless steels under consideration. Then, the most interesting low 
alloyed steels candidates are focused on Cr-Mo alloys which are steels intended for high 
temperature and high pressure vessels with Cr and Mo content in the range of 0.03-9.5% and 
0.35-1.10%, respectively. On the other hand, austenitic stainless steels, duplex stainless steels 
and precipitation hardening stainless steels were discarded for this application due to Ni content. 
Then, martensitic and ferritic stainless steels were selected as preliminary candidates as the most 
cost competitive alloys inside the stainless steels family (Cr content up to 18%). Costs 
associated to these new materials selection is in the range of 0.6 €/kg (low alloyed steel with the 
lowest content of Cr and Mo) and 1.5 €/kg (ferritic stainless steel). Corrosion tests should be 
executed in future tests to analyze the corrosion performance of the new candidates discussed 
above to obtain a technical-economical optimization of the final materials selection to be used in 
this application. 
 
5. Conclusions 
This study evaluates the influence of chlorides concentration in the corrosion mechanism and 
attack morphology of carbon steel A516 Gr70 in addition to discuss the feasibility of using solar 
salts mixtures with chloride content in the range of 1.2-3% by weight as storage fluid in 
commercial CSP projects. Thus, corrosion tests were performed during 1581 hours under N2 
cover gas to carry out a quantitative and qualitative characterization of the corrosion damage. 
A516 Gr70 carbon steel visual inspection showed uniform corrosion after being exposed to 
Solar_Salt_1.2%Cl and Solar_Salt_3%Cl samples without detecting major localized defects. 
Corrosion products developed during both tests were easily broken detecting lack of adherence 
to base metal. Cross sections optical microscopy displayed thicker corrosion products over 
metallic coupons tested in the sample with a chloride content of 3% by weight detecting higher 
porosity and delamination of the oxides layers. Moreover, corrosion damage in the HAZ of 
welded coupons was higher than corrosion depth measured in the base metal. Localized 
phenomena such as pitting, IGC, selective leaching, among others were not found after 
characterizing corrosion coupons transversal sections. A more detailed evaluation performed by 
SEM/EDS over the surface and cross section of metallic specimens showed the delaminated 
morphology of corrosion products in addition to Mg, Na and K enrichment of the outermost 
oxides layers. Furthermore, Raman spectroscopy identified the presence of hematite in outer 
oxides layers while inner oxides were composed by hematite and magnetite. On the other hand, 
A516 Gr70 carbon steel is found to be resistant to to SCC and crevice corrosion for mixtures 
containing up to 3% by weight of chlorides, under the test conditions used in this study. 
Regarding quantitative corrosion indicators, corrosion rates calculation showed higher values 
for coupons exposed to Solar_Salt_3%Cl mixture corroborating the important effect of chloride 
content in the corrosion damage of this carbon steel. Finally, corrosion rates values obtained for 
A516 Gr70 indicated that this metal alloy was not suitable for a long term design. 
In conclusion, this study demonstrates the important role of chlorides in the corrosion 
mechanism of A516 Gr70 carbon steel. Chloride content increasing promotes the formation of 
thicker corrosion products and affects to the adherence between oxides layers and metal base. 
Moreover, iron oxides layers delamination and porosity avoids the formation of a compact and 
well adhered diffusion barrier not allowing the passivation of metal alloy. This phenomenon 
produces a synergic process accelerating the corrosion damage over the carbon steel. Corrosion 
mechanism evidenced within this paper differs from corrosion damage observed in a previous 
work where solar salts with chloride content up to 0.4% are not aggressive enough to produce 
the generation of non-protective oxides [29]. 
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On the other hand, solar salt mixtures with high chlorides content in the range of 1.2 to 3% by 
weight are not feasible for CSP applications taking into account the current materials selection. 
Accordingly, carbon steels used for the construction of both storage tanks, piping, among other 
components in parabolic trough collectors facilities are not corrosion resistant enough for 25 
years service life time. Then, current materials selection should be replaced by higher corrosion 
resistant alloys being the Cr-Mo steels, martensitic stainless steels and ferritic stainless steels a 
first approach to be evaluated. Finally, in addition to corrosion tests for new metal alloys under 
consideration, a sensitivity study regarding extra cost produced by a more expensive materials 
selection and cost reduction associated to low purity nitrates salts should be performed to use 
these molten salts mixtures in commercial projects. 
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